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This paper presents an approach to assess the resilience of a water supply system under the impacts of 
climate change. Changes to climate characteristics such as rainfall, evapotranspiration and temperature 
can result in changes to the global hydrological cycle and thereby adversely impact on the ability of water 
supply systems to meet service standards in the future. Changes to the frequency and characteristics of 
floods and droughts as well as the quality of water provided by groundwater and surface water resources 
are the other consequences of climate change that will affect water supply system functionality. The 
extent and significance of these changes underline the necessity for assessing the future functionality of 
water supply systems under the impacts of climate change. Resilience can be a tool for assessing the 
ability of a water supply system to meet service standards under the future climate conditions. The study 
approach is based on defining resilience as the ability of a system to absorb pressure without going into 
failure state as well as its ability to achieve an acceptable level of function quickly after failure. In order 
to present this definition in the form of a mathematical function, a surrogate measure of resilience has 
been proposed in this paper. In addition, a step-by-step approach to estimate resilience of water storage 
reservoirs is presented. This approach will enable a comprehensive understanding of the functioning of a 
water storage reservoir under future climate scenarios and can also be a robust tool to predict future 
challenges faced by water supply systems under the consequence of climate change. 
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1. INTRODUCTION 
 
Decreased availability of potable water accompanied with higher water demand in the hotter future 
climate will exert pressure on water supply systems and may lead to failure in delivering sufficient water. 
The extent and importance of projected future changes in quality and quantity of water highlights the 
need for accurate assessment of the ability of current water supply systems to face climate change as well 
as the risk of failure in a future context. Water supply systems are among the most important 
infrastructure in every society. Arguably water supply systems have been designed based on historical 
conditions and may fit the current climate conditions and may intrinsically be unable to accommodate 
changes in the quality and quantity of inflow water and water demand as a result of climate change. The 
ability of water supply systems to withstand these changes and still deliver sufficient water of acceptable 
quality can be defined as resilience. In addition, quick recovery after failure can also be attributed to the 
resilient behaviour of the system. Resilience is a characteristic of a system that makes the system more 
tolerant to pressures and disturbances and provides degrees of assurance of quick recovery after a failure 
event.  
 
An appropriate measure of resilience can be a tool to assess the ability of water supply systems to 
absorb the pressure of changing climate while sustaining supply under increased demand pressure, and 
their speed of recovery in case of failure. A number of researchers have suggested mathematical 
measures of resilience2-6). However, there is still a need for a robust measure of resilience that can provide 
an estimate of system behaviour under different pressures.     
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This study proposes a novel approach to assess resilience of water resources systems based on 
improvements to the resilience index proposed by Moy et al. (1986) 5).  Assessing resilience under effects 
of climate change will provide managers with the opportunity to take adaptive measures and approaches 
in order to minimise the risk of failure as well as cost and time of recovery after failure. 
 
 
2. CLIMATE CHANGE IMPACTS ON WATER RESOURCES 
 
Climate change will affect future water availability due to changes to climate characteristics and 
alterations to the global hydrological cycle. Research studies have predicted significant changes in 
rainfall, evaporation and temperature under future climate scenarios in many parts of the world 7) .  
 
Decrease in rainfall as well as increased evaporation will result in the decrease in runoff and 
streamflow. Future changes in precipitation is predicted to result in more than a 50% reduction in runoff 
in Victorian catchments 8) and 12-90% reduction in the south western parts of Western Australia by 2070 
9). Climate change will also change the frequency and characteristics of floods and droughts in many parts 
of the world7). Climate change will increase frequency of extreme-rainfall events and decrease frequency 
of low-rainfall events in most parts of Australia. Decreased return period of heavy rainfall events will 
increase the probability of flooding 10). Mplesoka et al. (2007) projected that by 2070, eastern Australia 
will have 40% higher likelihood of droughts with south western Australia experiencing an 80% increase 
compared to the period 1975 to 2004 11). In addition, droughts accompanied with higher temperature may 
increase water demand and exacerbate the drought conditions 10). 
 
It is not just surface water resources that will be affected by climate change. Studies have also shown 
that groundwater resources will also be affected by change of climate factors. Similar to surface water 
resources, groundwater is also sensitive to changes in temperature and amount, frequency, seasonality 
and intensity of rainfall12-15). Climate change will also affect the quality of water provided by both surface 
water and groundwater resources 16-23).  
 
Changes in future quality and quantity of water provided by water resources will be accompanied with 
increased future demand as a result of climate change. Wang and Abrams (2010) projected that by 2030 
and 2070, water demand in Sydney region will have an increase of 0.3-1.1% and 3.5-3.9%, respectively, 
as a result of climate change24). However, the degree of this increase is highly dependent on the water 
management policies adopted by the authorities. 
 
 
3. RESILIENCE AS AN ASSESSMENT TOOL  
 
Resilience is a characteristic of infrastructure and complex systems that defines their functionality 
under the impacts of perturbations. Although it is not economical to design fail-safe systems, it is ideal 
that water infrastructure is able to maintain an acceptable level of function under the pressure of changing 
conditions or in the case of a disaster. In addition, it is desirable that an acceptable level of functionality 
is recovered quickly after failure. These characteristics of a system can be categorised under the concept 
of resilience. Different definitions have been suggested for resilience by researchers. However, all the 
suggested definitions in water resources field can be categorised under three main concepts: 
1) Resilience as the amount of disturbance or pressure a system can absorb and still maintain its 
functions 25); 
2) Resilience as the required time to return to equilibrium after a perturbation 26, 27); 
3) Resilience as adaptive capacity of the system 28). 
 
Resilience, as applied in ecological systems thinking is associated with the notion of stability: 
reflective of a tendency of ecosystems to remain unchanged. This tendency can be visualised as a system 
of balls and valleys: where balls stand for the system, valleys stand for stability domains and arrows show 
the way a disturbance affects the system (see Fig. 1). The first definition of resilience can be represented 
by the width of stability domains and the second definition can be represented by the slope of stability 
domains. Adaptive capacity can be defined as the ability of the system to remain in a stability domain 
while the shape of the domain changes 1).  
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Besides being a characteristic of systems which reduces risk of failure in a pre-disaster condition and 
reduces losses and recovery time and cost in post-disaster condition28), resilience can be a measure of 
system’s ability to avoid failure and if fails, to recover quickly. 
 
 
4. RESILIENCE IN WATER RESOURCES LITERATURE  
 
Hashimoto et al. (1982) proposed one of the earliest mathematical approaches to assess resilience of 
water resource systems. They suggested that resilience is a function of the average number of time steps 
for a system remaining in an unsatisfactory state after a failure event (see Equation (1)).  
                                                                           [ ]{ } 1−= fTEγ                                                                 (1) 
Where; γ is resilience and E[Tf] is the average length of failure events. Hashimoto et al. (1982) showed 
that γ is equivalent to the probability that the system will recover from failure after a single time step4). 
Equation (1) has been the basis of most of later studies on resilience of water supply systems29-32). 
 
Another mathematical measure of resilience was suggested by Moy et al. (1986) as the maximum 
consecutive duration, the system spends in unsatisfactory state (see Equation (2)) 5). 
                                                                           (2) 
 
Where; γ is resilience and d(j) is the duration of jth failure event. 
 
Later, Kundzewick and Kindler (1995) compared Moy’s definition with the definition suggested by 
Hashimoto et al. (1982) and concluded that Moy’s definition is preferable, because low-significance 
events with short durations may lower the mean failure duration of the system and overestimate the  
resilience of the system33). However, Srinivasan et al. (1999) asserted that neither Hashimoto’s nor Moy’s 
definitions completely represent the concept of resilience. They argued that Moy’s resilience index gives 
equal values for two systems with equal maximum length of failure events disregarding the number of 
failure events. Srinivasan et al. (1999) further suggested an improved linear programming formulation 
over Moy’s equation and asserted that their formulation offers a better illustration of the resilient 
behaviour of a reservoir system 6).  
 
Fiering (1982) discussed resilience of water resources based on the Markov properties of water 
resource systems. He suggested that each system has a unique boundary area and different response 
surfaces and resilience can be defined as a function of the shape and size of the response surface. He 
further suggested a suite of parameters underpinned by mathematical equations to measure resilience of a 
system 3):  
R1: Residence time in non-failure state. 
R2: Expected undiscounted outcome of the system. 
R3: Steady state probability of not being in failure state. 
R4: System mean first passage time to failure state. 
R5: Mean first passage time from non-failure to failure state. 
}{ }{ 1)(max −= jdγ
Fig. 1: Representation of resilience definition with a system of balls and valleys 1) 
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R6: Mean passage time between successive failures. 
R7: Mean passage time to failure from complete recovery. 
R8: The vector of γ% passage time from some or all non-failure states to failure state based on   
      distribution of passage times.    
R9: The weighted vector sum or scalar of γ % passage times T(γ,i,β). 
 
All indices suggested by Fiering (1982) except R2 reflect the ability of the system to absorb pressure 
without going into failure state, but do not provide any idea of system dynamics while in failure mode nor 
the length and properties of failure events.  
 
R2 is different from other indices suggested by Fiering (1982). Based on this index, in order to increase 
resilience, cost should be minimised and/or benefits should be maximised. The shortcoming of this index 
is that some consequences of a failure event are not measureable in terms of cost or benefit. 
Psychological consequences on the community due to failure of an infrastructure or loss of life in case of 
severe or prolonged disasters are examples of such non-measurable consequences. 
 
Despite the importance of indices suggested by Fiering (1982), limited extension has been undertaken 
on his work with later studies mostly focusing on the system’s ability to recover. 
 
Wang and Blackmore (2009) reviewed previous studies relating to resilience of water resources and 
argued that resilience indices suggested by Hashimoto et al. (1982) and Moy et al. (1986) represent a 
system’s response and recovery after failure. They also pointed out that alternative resilience indices 
suggested by Fiering (1982) represent system’s resilience against crossing the performance thresholds. 
They asserted that the concept of resilience of water resources can also be discussed from the adaptive 
capacity point of view. This type of resilience includes adjusting systems management approaches when 
it is probable that the system crosses the performance thresholds 28).  
 
Studying available literature on resilience of water resources systems reveals the necessity of having a 
multi-faceted resilience construct which can reflect all relevant criteria of a resilient system. Focusing on 
just one aspect of resilience can lead to overestimating or underestimating system’s capabilities to face 
changing conditions. 
 
 
5. AN IMPROVED MEASURE OF RESILIENCE 
 
In the management of water supply systems or any other infrastructure system for that matter, 
answering the following questions will provide a guide towards more reliable management approaches:  
1) What is the probability of failure under current circumstances? 
2) What would be the period of probable failure?  
3) What would be the consequences of this failure?  
4) What would be the probability of a system recovering functionality after failure?   
 
A comprehensive measure of resilience should be capable of estimating a system’s ability to avoid 
failure as well as to recover quickly. A weakness in current measures of resilience of water resources 
systems rests in the consideration of just one of the resilience criteria (ability to avoid failure or ability to 
recover quickly) at the same time. Having insight to the probability of failure will give managers the 
opportunity to adapt their management policies and approaches to the current situation in order to avoid 
failure as much as possible. In the case of inevitable failure, having an understanding of the length and 
characteristics of the failure event, and its expected consequences is necessary to minimise recovery time, 
economic losses and psychological consequences of failure on the community as well as to avoid loss of 
life due to failure. This process has been summarised in Fig. 2.  
 
Measures of resilience suggested by Hashimoto et al. (1982), Moy et al. (1986) and Fiering (1982) do 
not meet all of the above conditions. Modifying the resilience index suggested by Moy et al. (1986) can 
provide a better representation of resilience. The maximum length of failure events (Lf) suggested by 
Moy et al. (1986) is preferable over the average length of failure events as suggested by Hashimoto et al. 
(1982) since it gives an estimate of the probable worst-case scenario. Lf cannot be a perfect surrogate of  
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resilience since it does not reflect system’s ability to absorb pressure. However; considering the 
probability of failure as another influential variable will help to resolve this difficulty. An improved 
measure of resilience can be represented as: 
                                                                                                                                                                    (3) 
                           
Where;  
IRes: Resilience index 
Pf :  Steady state probability of being in failure state 
Lf :  Maximum expected length of probable failure events. 
 
In Equation (3), Pf is a measure of percentage of times the system will spend in failure state in the long 
term and is representative of system’s ability to absorb disturbances and still maintain its function. Lf is an 
estimate of the worst probable failure scenario and reflects systems ability to recover in the worst 
probable failure situation.  
 
 
6. ESTIMATING FUTURE RESILIENCE OF A WATER STORAGE RESERVOIR 
UNDER EFFECTS OF CLIMATE CHANGE 
  
Storage reservoirs are the most vulnerable part of a water supply system to the change of climate 
elements. The steps required in order to assess resilience of a reservoir under future climate conditions 
are illustrated in Fig. 3.  
 
The first step in assessing future resilience of a reservoir is to select influential climate variables that 
affect its functionality. These variables can be considered to be rainfall amount, rainfall intensity,  
 
Changing 
condition and/or 
a disaster 
Is system probable to fail? 
Safe System Could failure be avoided through adaptive management approaches?  
• Alternative approaches to 
minimize the consequences of 
failure 
• Alternative choice of system in 
case of non-recoverable or 
prolonged failure 
 
No Yes 
Yes 
No 
• What would be the period of 
probable failure? 
• What would be the consequences 
of this failure? 
• What would be the probability of 
a system recovering functionality 
after failure? 
 
 
 
Fig. 2:  Schematic of system management under changing condition or in the face of a disaster. 
),( ffres LPfI =
6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Temperature and evapotranspiration. Future time series of climate variables can be developed based on 
future predicted climate scenarios and models. 
 
Rainfall-runoff modelling is a way of linking time series of climate variables to the water resources 
yield and the volume of water entering a reservoir. Different rainfall-runoff modelling tools and software 
are available. However, the selection of an appropriate model should be made based on each model’s 
limitations as well as project’s requirements. When the appropriate model is selected, it needs to be 
adapted, calibrated and validated based on the available historical observations. The calibrated model can 
then be used as a tool to predict future inflow to the reservoir. Future water quality of a reservoir can be 
predicted based on the relationship between primary water quality parameters such as pH, electrical 
conductivity, suspended solids, nutrients and organic carbon and future climate variables.  
 
The second step is to define suitable functionality states for the system. For the purpose of calculating 
resilience based on Equation (3), reservoirs can be considered as two-state systems having states of 
operation and failure. Failure state may have two modes: 
1) Quantity-based failure: Volume of extractable water available in the reservoir plus the volume of 
inflow water during the study time step is less than water demand in that time step. 
2) Quality-based failure: Quality of water available in the reservoir is that poor that the water cannot 
be treated adequately and so cannot be extracted. 
 
Quantity-based failure can be selected as the system’s failure mode if the focus of the study is on the 
effects of climate change on the future quantity of water provided by the reservoir. Similarly if the main 
concern in the study is future quality of water delivered by the reservoir to the treatment plant, quality-
based failure can be selected. However, the most appropriate option may be to consider both, quality-
based and quantity based failure modes at the same time in the study. After defining suitable system 
functional states and failure criteria, time series of system behaviour during the study period can be 
developed.   
 
The final step is to calculate the resilience of the water resources system using an appropriate surrogate 
measure of resilience. This surrogate measure can be a unique parameter or a function of a set of 
parameters which reflect ability of the system to avoid failure and if failure occurs, to recover quickly. In 
addition, the selected surrogate should suit the focus of the assessment. For example, this could be 
resilience against change of water quality, water quantity or both.   
 
Equation (3) can be a suitable representation of resilience that is compatible with the properties of 
storage reservoirs and the nature of the effects of climate change on the system. Variables in this equation 
Estimating future inflow 
water quality and quantity 
 
• Selecting influential climate variables on water quality and quantity 
• Finding the relationship between climate variables and water quality 
and quantity  
• Selecting suitable emission scenario, climate model and downscaling 
method to project future climate variables 
 
Creating time series of 
system behaviour for 
the analysis period 
 
• Defining suitable system functional states 
• Selecting  appropriate criteria for each state  
 
Calculating Resilience 
surrogate 
  
• Selecting suitable measure of system resilience 
Fig. 3: Process for estimating resilience of water resources systems under future climate conditions 
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(Pf and Lf) can be calculated using the developed time series of the reservoir behaviour. Process function 
of a reservoir has Markov properties since predictions of the future can be made based on the current 
state of the system without needing to know the earlier states and their sequence. For instance, it is 
possible to predict the future volume of water in a reservoir at time t+1 based on the volume of water in 
the reservoir at time t and there is no need to know the state of the reservoir at time t-1 or earlier periods. 
Therefore, the steady states probability of being in failure state (Pf) can be calculated based on the 
Markov property of reservoirs using the matrix of transition probabilities of the system. Calculation of Lf 
(the maximum length of failure events) can be easily derived from the time series of system function. 
Different failure events of the system should be compared and the maximum length of failure events 
should be selected as Lf.  
 
Uncertainties in future emission scenarios, choice of climate model and downscaling methodology, 
method of simulating future water quantity and inaccuracy of estimates of the relationship between 
climate variables and water quality can be sources of uncertainties in estimates of future resilience of a 
water storage reservoir. However, despite the inherent uncertainties in future resilience projections, 
resilience is still a strong tool for estimating and assessing behaviour of reservoirs under future climate 
scenarios. 
 
 
7. CONCLUSIONS 
 
Resilience can be defined as a function of a system’s steady state probability of being in a failure state 
(Pf) and the maximum expected length of probable failure events (Lf) (see Equation 3). This definition of 
resilience reflects a system’s ability to absorb disturbances and still maintain its functionality as well as 
the system’s speed of recovery after failure.  
 
Equation (3) can be applied to assess resilience of water storage reservoirs under future climate 
conditions by means of developing and assessing future time series of system behaviour. These time 
series can be developed using future climate scenarios and models to predict future quality and quantity 
of water provided by a storage reservoir. Although future projections of resilience may have some degree 
of inaccuracy due to the uncertainties of future climate projections and simulation methods, resilience is 
still a robust tool for estimating a reservoir’s ability to handle future perturbations due to climate change.  
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